Abstract: A series of four agreement studies (classification sessions) were conducted to support the development and validation of a comprehensive pediatric long bone fracture classification system. This system follows the principle of the Müller-AO classification for long bones in adults and integrates most relevant existing pediatric classification systems. The diagnosis includes the distinction between epiphyseal (E), metaphyseal (M), or diaphyseal (D) fractures, as well as identification of child-specific features. This article describes the proposed system in some detail. Digital standard preoperative anteroposterior and lateral radiographs from 267 consecutive pediatric patients (,16 years old and open physis) with single fractures of the distal humerus, radius, or tibia were collected at a single university children's hospital. Fractures were classified independently by five experienced pediatric surgeons. The classification process was assessed for reliability using the kappa coefficient and accuracy using latent class modeling separately for each bone for bone type, and separately for each bone type for child codes. At the last classification session, kappa values for E-M-D and child code classifications were mostly above 0.90, and accuracy estimates were between 75% and 100% for different surgeons, types, and bones. Disagreement and misclassification of fractures were overall very low; hence, experienced and trained surgeons can classify pediatric long bone fractures using the proposed system with high accuracy based on standard radiographic views. The authors encourage wide consultation and further evaluation of this proposed pediatric long bone classification system with a larger number of future users with different training before being used for documentation and clinical studies.
W
hile the achievement of union with the maintenance of function is the most important outcome in adult fracture management, this is not true for children, whose fractures heal well and without stiffness despite relatively long periods of immobilization. The familiar classifications of children's fractures take into account only particular aspects of the bones-for example, the Salter-Harris classification for epiphyseal fractures 1 ; Baumann, 2 Gartland, 3 and von Laer 4 for supracondylar fractures; or the Judet classification for radial neck/head fractures. 5 Other classifications have attempted to include all fracture patterns by simplifications. 6 None of these classifications has been scientifically validated. 7 In addition, there was no classification system available for diaphyseal long bone fractures.
Classification is useful for comparative audit, documentation, and clinical research. The original AO children's fracture documentation showed the usefulness but also some of the pitfalls of classification. 8 A classification system should be clinically relevant, reliable, repeatable, and valid. 7, [9] [10] [11] [12] An additional consideration was to retain some similarity with the AO comprehensive classification of adult fractures, which is well known and widely accepted. 13 Audigé et al 10 have recommended that three research phases should be successively completed before a classification can be considered as validated. In the first development phase, clinical experts develop a first proposal for the classification system and define the classification process. This phase defines a common language by which surgeons should be able to see and describe fractures similarly. Successive pilot agreement studies are conducted to ensure that clinical experts can, and the second phase involves a multicenter agreement study to ensure that future users can as well. This sets the basis for a classification tool to be used for documentation and evaluation of treatment options. After these first two phases are completed, recommendations for patient care based on the classification can be developed in a third phase, following the implementation of a prospective clinical study.
To meet these needs, the AO Pediatric Expert Group (PAEG) in cooperation with the AO Investigation and Documentation (AOCID) and the International Working Group for Pediatric Traumatology (iAGKT) introduced the first comprehensive classification of long bone fractures for children. We present the results from the first phase of the validation process.
METHODS
The development and validation process involved a series of four pilot agreement studies (called hereafter ''classification sessions'') in which a different group of pediatric surgeons and trauma surgeons classified the same collection of fractures each time (four times). This was an iterative process that required (1) agreement on the classification definitions (system) and classification process, (2) running a classification session after collecting a sample of cases, (3) conducting the analysis and preparing a report, and (4) reviewing the results to identify areas for improvement in the classification system. Hence, classification definitions and procedures were clarified or modified according to successive agreement results.
The five members of the PAEG met three or four times a year from 2001 to 2003 as part of their involvement in steps 1, 2, or 4. In this article, the different aspects of the final classification proposal are presented, along with results from the last classification session 4.
Classification Definition
The current classification proposal is based on the Müller-AO classification for adults 13 and considers child-specific relevant fracture features (Fig. 1) . The original unifying principle of the classification system, valid for all fractures, is an anatomic and morphologic organization, mostly into triads. The anatomy is related to the four long bones and their three segments. It is further described by the fracture type, recorded as E, M, or D (see below). The morphology of the fracture is documented by a type-specific child code, a severity code, and an additional code for displacement of specific fractures.
Fracture Bone and Segment
Following the Müller-AO classification for adults, the bones are similarly coded: 1 = humerus, 2 = radius/ulna, 3 = femur, 4 = tibia/fibula. Except for Monteggia and Galeazzi lesions, when paired bones radius/ulna or tibia/fibula are fractured with the same child pattern (see child code below), a single classification code should be used, with the severity code being the worst of the two bones. When a single bone is fractured, a small letter describing that bone (ie, ''r'', ''u'', ''t,'' or ''f'') should be added after the segment code (eg, a code ''22u'' identifies an isolated diaphyseal fracture of the ulna). When paired bones radius/ulna or tibia/fibula are fractured with different child patterns (eg, a complete fracture of the radius and a bowing fracture of the ulna), each bone must be coded separately including the corresponding small letter. This will allow the detailed documentation of combined fractures of the radius and ulna, or those of the tibia and fibula, in clinical studies so their relative influence on treatment outcomes can be properly evaluated.
The segments within the bones also follow a similar coding scheme (1 = proximal, 2 = diaphyseal, 3 = distal), but their identification differs from adults. For the latter, the proximal and distal metaphyseal fragments are identified via a square ''whose sides are the same length as the widest part of the epiphysis in question.'' 13 We know, however, that the metaphysis in pediatric fractures extends much further into the shaft, as can be observed with the typical pediatric metaphyseal fractures (eg, buckle and torus fractures). Furthermore, the width of the growth plate is always seen even in younger children, whereas the epiphysis itself cannot be seen reliably because of the different age-dependent stages of ossification. For pediatric long bone fractures, the metaphysis is identified by a square whose side has the same length as the widest part of the growth plate in question (Fig. 2) . For the pairs of bones radius/ulna and tibia/fibula, both bones must be included in the square. Consequently, the three segments can be defined as segment 1, proximal epiphysis and metaphysis (square); segment 2, diaphysis; and segment 3, distal metaphysis (square) and epiphysis.
Malleolar fractures in adult are classified with a specific code 44 because they have a very special pattern. 13 These fractures, however, are not so frequent in children, and their characteristics do not justify a specific coding. Therefore, they are simply coded as distal tibia fractures (eg, the fracture of the medial malleolus is a typical Salter-Harris III or IV fracture of the distal tibia coded as 43).
Fracture Type
The original severity coding A-B-C used in adults 13 is replaced by a classification of fractures according to diaphysis (D), metaphysis (M), and epiphysis (E). This terminology is accepted worldwide and is relevant to pediatric fractures. The most common fracture types in children are shaft fractures (segment 2) and the epi-metaphyseal type (segments 1 and 3). Use of the E-M-D coding identifies intra-articular and extraarticular fractures without ambiguity because epiphyseal fractures are intra-articular fractures by definition. The metaphyseal fractures are identified through the position of the square (the center of the fracture lines must be located in the square) with one side over the growth plate (Figs. 2 and 3). For easier and more accurate application of the squares and, consequently, more reliable classification, a series of predrawn squares are copied on a transparency and applied to the anteroposterior (AP) radiographic view (see Fig. 3 ). This square definition is not applied to the proximal femur, where metaphyseal fractures are located between the physis of the head and the intertrochanteric line (see exception code).
In applying the square definition, surgeons should be aware that if this view is not strictly on the AP plane (eg, slightly rotated), the applied square will be smaller than expected, resulting in the risk of misclassification. In such cases, the classification process should be checked after fracture reduction. When a metaphyseal fragment is severely angulated in the frontal plane, the square will be correctly chosen, but the length of the fragment will appear smaller than it really is. In this situation, the same square should be used on the lateral radiographic view to assess the length of the metaphyseal fragment.
Child Code
Specific pediatric features (also called ''child patterns'') are transformed into a child code. For easier recognition, this code is preceded by a forward slash ''/'' throughout the whole classification code (see Fig. 1 ). Relevant child patterns are specific to one of the fracture type E, M, or D, and hence grouped accordingly. Regardless of fracture type, child patterns having a similar morphology are given the same child code for simplification and consistency.
Familiar patterns of children's fractures are incorporated into the classification. The Salter-Harris classification of epiphyseal factures leads to the child codes E/1 to E/4. These codes resulted from intensive discussion within the PAEG and other surgeons as to whether Salter-Harris I and II fractures should be classified as metaphyseal fractures (M) because they behave fairly much like these fractures. 6 However, surgeons worldwide traditionally recognize these fractures as epiphyseal fractures (E). Other child codes E/5 to E/9 are used to identify Tillaux fractures (E/5), triplane fractures (E/6), intra-articular ligament avulsions (E/7), flake fractures (E/8), and other fractures that may not belong to any of the other categories (E/9) (Fig. 4) .
Three child patterns are identified for metaphyseal fractures: the buckle, torus, or metaphyseal greenstick fractures (M/2); complete fracture (M/3); and metaphyseal osteoligamentous, musculoligamentous avulsion or only avulsion injuries (M/7) ( A 30-degree angle should be drawn on the transparency sheet mentioned above and should be applied to the radiographs for more reliable classification. The angle should be measured according to the longitudinal axis of the main fragment, and on the radiographic view showing the most severe angle (lateral or AP view). Similarly, the code ''/9''should be used for fractures that may not belong to well-defined categories.
Fracture Severity Code
A grade of fracture severity is considered not so much because of its influence on healing, as in adults, but because of the need to investigate the indications for various methods of osteosynthesis. This code distinguishes between simple (0.1), wedge (partially unstable fracture with three fragments including a fully separated fragment) (0.2), and complex (totally unstable fracture with more than three fragments) (0.3).
Exceptions and Additional Code
As for adult fractures, not all pediatric fractures can simply be classified according to the above scheme, and a few more definitions and rules were agreed on:
Fractures The full classification code therefore includes five or six fracture entities depending on the use of an exception code. Two typical classification examples are presented in Figure 7 .
Classification Process
The classification process was conducted based on a single rating from standard AP and lateral pretreatment radiographs. Users of the classification are pediatric orthopedic surgeons, pediatric surgeons, and trauma surgeons.
Agreement Studies
A detailed description of methods regarding pilot agreement studies was presented by Audigé et al 14 and is summarized here. Over 1 year, 267 single fractures in pediatric patients (,16 years old) were consecutively collected from one university children's hospital (Bern, Switzerland). The most common fracture groups 8 were considered for the validation: supracondylar humeral fractures, radius fractures, and tibia fractures. AP and lateral standard preoperative radiographs were digitized and saved in random order on a CD for viewing on a personal computer. Five fully trained and experienced pediatric surgeons classified each case independently. They used a transparency on which a series of colored squares was drawn (see earlier section describing the fracture segments and types and Fig. 3 ). We analyzed in order the classification of fracture type separately for each bone, child patterns separately for each fracture type (all bones combined), fracture severity, and exception codes. For the analysis of child pattern classification, we included in the analysis only codes appropriate to the respective correct fracture type. Interrater reliability was evaluated via the kappa coefficient using the statistical software Intercooled Stata. 15 Classification accuracy was estimated by latent class modeling using the software Latent GOLD. 16 The most likely distribution of ''true'' fracture categories in the sample was estimated from a consensus classification agreement among the raters, as well as from latent class modeling. 14 
RESULTS
There were 51 humerus, 136 radius, and 80 tibia fractures in the sample. Data regarding classification of radius fractures according to fracture type (E/M/D) were presented by Audigé et al. 14 We present here results for the classification of child code.
Raters' full agreement regarding classification of childspecific codes, separately by fracture type, ranged from 81% to 89% in session 4. Medians of raters' pairwise kappa coefficients were 0. Table 1 . Most E fractures were classified using the SalterHarris categories II and IV. Complete fractures accounted for 73% (80/109) of M fractures. Overall kappa coefficients for all categories and raters in coding child-specific features were 0.91, 0.88, and 0.84 for E, M, and D fractures, respectively.
We estimated the classification accuracy of E fractures using Salter-Harris codes for all other categories grouped in a separate ''other'' category. Estimates of classification accuracy among raters ranged from 91% to 99% for Salter-Harris II fractures, and from 86.5% to 98.9% for Salter-Harris IV fractures. Additional fractures in the categories Salter-Harris I and III are required so the modeling process could identify these categories as separate identities.
A latent class analysis of classification coding between ''complete fracture'' (/3) and ''buckle or greenstick fracture'' (/2) was conducted. Raters classified complete fractures (/3) with 97.2% to 99.9% accuracy. One rater, however, misclassified a significant proportion of buckle or greenstick fractures as complete fractures, hence showing an accuracy of only 75% for this diagnosis.
With diaphyseal fractures, the number of fractures was adequate only for transverse fracture less than 30 degrees (/4) and oblique/spiral fracture more than 30 degrees (/5), so a latent class analysis was conducted by considering only these categories, with all other categories grouped in a separate ''other'' category. Two raters were 99.5% accurate in the diagnosis of transverse fractures and 97.9% to 99.7% accurate in the diagnosis of oblique fractures. One rater showed lower accuracy in diagnosing transverse fractures (78.5%), as some of these fractures were classified as greenstick fractures. Two raters misclassified oblique fractures as transverse in 4% and in other categories at a rate of 2% to 4%.
DISCUSSION
In this article we present a comprehensive classification system for pediatric long bone fractures that is compatible with the long bone Müller-AO classification 13 as well as the fracture and dislocation compendium of the Orthopaedic Trauma Association. 17 It includes relevant and well-known fracture classifications for children 1, 4, 5 in a structured code that we believe is simple, understandable, logical, and clinically relevant for children. Other classification systems exists, such as those of Ogden 18 and Weber et al, 19 but we believe it is most appropriate to consider the currently most commonly applied (hence clinically justified) systems in the world, such as SalterHarris. 1 It was developed by a group of experienced pediatric surgeons through an iterative approach whereby a series of agreement studies were conducted to ensure that the diagnosis and classification process was reliable and accurate. This evaluation was critical before the classification could be proposed for use in clinical settings. This corresponds to the first phase of validation proposed by Audigé et al 10 following a detailed recent review of the literature. 7 In this study, the most common fracture groups (distal humerus fractures, radius and tibia fractures) were considered because of the need for a large enough sample size. Results apply to the studied groups of fractures, although extrapolations may be reasonably made between long bones regarding the classification of diaphyseal fractures. Additional agreement studies should be implemented, such as for the classification of radial head fractures or femoral fractures, to complement the current results. In addition, the sample size chosen was large compared with similar published studies, 7 but it remains a compromise for study feasibility. Our results apply to fracture categories represented in the sample, and not to rare fractures for which alternative sampling strategies are required.
This first experience proved successful in highlighting areas for improvement both in the classification definitions and the diagnostic process. For instance, during the initial development stages some surgeons requested that the degree of severity coded as A/B/C in adults 13 be left unchanged for pediatric fractures, but results from the first two classification sessions (not presented here) showed that it should be replaced by the morphologic division D/M/E that is more specific for children. A dramatic improvement was observed between session 3 and the last session 4 after most definitions had been clarified and some additional tools (eg, the use of the transparency to draw the square) had been introduced.
14 Although the square rule appears appropriate for radius and tibia fractures, we recognize that it is not absolutely adequate for isolated ulna or fibula fractures, because some diaphyseal fractures would be classified as metaphyseal fractures. This will be documented and adapted in a later validation phase of the classification system after prospective studies. The importance of reviewing and agreeing on all definitions and diagnostic procedures and ensuring that they are all well understood and properly applied cannot be stressed enough. For instance, surgeons may have a different understanding of what a buckle, torus, greenstick, complete, or incomplete fracture is. Other surgeons may argue that additional images such as CT scans should be obtained for accurate distinction between specific fractures, such as between twoand three-plane articular fractures. Although CT scans may be used, this is normally to guide therapy rather than identify and classify the fracture. Preliminary results (not presented here) suggested that ''wedge'' and ''complex'' fractures should be combined in favor of a binary severity code (simple vs. complex). We also suspect that by using radiographs, surgeons cannot reliably distinguish between toddler and oblique/spiral fractures in the diaphysis. Additional agreement studies and further steps in the validation process will provide the knowledge on which potential modifications can be based.
In session 4, overall kappa coefficients were above 0.80, which may be considered extremely satisfactory: this level of reliability has almost never been reached in the past. 7 Estimates of classification accuracy were mostly above 90%, but it was still possible to identify the surgeons and fractures responsible for some disagreements. We believe part of these results may be related to a careful description and implementation of the classification process. In addition, surgeons in session 4 were not only experienced pediatric surgeons, but also experienced in the classification itself. They received full training prior to the session and used the transparency sheet to apply the squares on radiographs whenever necessary. Therefore, it is important that a similar agreement study be conducted in a second phase in other clinics with surgeons of different levels of experience before conclusive results can be drawn. The alphanumeric code proposed may be difficult to consider and apply initially, in particular for surgeons not familiar with the Müller-AO classification for adults. It is fully appropriate to keep using medical wording to diagnose and describe the fracture categories within clinical settings. For documentation and reporting in publication, we recommend using the coding system in addition, so that surgeons can become familiar with it and finally speak the same language.
This study has not documented whether the classification categories have prognostic value for patients and can truly assist physicians in planning management. 11, 12, [20] [21] [22] Although an earlier working group of surgeons documented pediatric fractures over a period of 7 years, 8 this was implemented with an earlier version of the classification proposal that proved unreliable in the first two classification sessions in this study (data not shown). Therefore, prospective multicenter observational studies will be needed in a third phase to quantify the relative influence of fracture categories on specific, clinically relevant treatment outcomes in children.
This classification system is the official AO Pediatric Long Bone Fracture Classification Proposal. It was developed by surgeons experienced in the treatment of pediatric fractures via an iterative process and a series of agreement studies. Results are extremely encouraging and have shown that this proposal should be evaluated in a wider community of pediatric orthopaedic surgeons, pediatric surgeons, and trauma surgeons, and then used in the context of clinical studies.
